People with cystic fibrosis (CF) have been reported to make lung T cell responses that are biased towards T helper (Th) 2 or Th17. We hypothesized that CF-related T cell regulatory defects could be detected by analyzing CD4 + lymphocyte subsets in peripheral blood. % was associated with chronic Pseudomonas aeruginosa lung infection (p < 0.006). We observed no significant differences between control and CF groups in the proportions of Th1, Th2 or Th17 cells, and no association within the CF group of any subset with sex, CFTR genotype, or clinical exacerbation. However, high Th17% was strongly associated with poor lung function (FEV1 % predicted) (p = 0.0008), and this association was strongest when both lung function testing and blood sampling were performed within one week. Our results are consistent with reports of CF as a Th17 disease and suggest that peripheral blood Th17 levels may be a surrogate marker of lung function in CF.
Introduction
T cell-mediated immune responses in people with cystic fibrosis (CF) have been reported to be biased towards either T helper (Th)2-or Th17-dominated responses [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] . The high prevalence of Th2-mediated allergic bronchopulmonary aspergillosis [15] and the presence of a high number of Th17 cells and cytokines in airways or lung-draining lymph nodes from people with CF [13] support this concept. However, the extent to which these alterations are directly related to dysfunctional cystic fibrosis transmembrane conductance regulator (CFTR) is not clear, because elevated levels of Th17 cells have also been reported in the lungs of individuals with a range of other inflammatory lung disorders [16] .
Recognition of antigen by T cells triggers activation and maturation of the T cells to effector cells of different types. An early step in this process requires the influx of Ca ++ ions into the T cell, and the functional outcome (e.g. Th1/Th2/Th17) depends partly on the strength of this Ca ++ flux. Because CFTR is primarily a chloride ion channel that indirectly modulates Na + and Ca ++ flux across the membrane, and has been reported to be expressed on lymphocytes [10, 17] , we hypothesized that altered ion transport resulting from defective CFTR alters T cell responses to antigenic stimulation, and that this alteration may manifest as systemic changes in the relative proportions of different CD4 + T cell subsets. In support of this, varying alterations in the proportions of FOXP3 + Treg [18] , Th17 [19] , mucosal-associated invariant T (MAIT) [20] cells and changes in the relative production of a number of cytokines in peripheral blood of people with CF have been reported, but it is unclear to what extent this is related to the underlying CFTR defect or whether it is related to infection. We measured the proportions of three effector (Th1, Th2 and Th17), and three regulatory (Treg, IL-10 + and transforming growth factor (TGF)-β + ) CD4 + subsets in the peripheral blood of people with CF, compared them with those in age-matched controls, and analyzed the CF group for associations of each subset with demographic and clinical variables.
Materials and Methods

Study participants and blood collection
This study was approved by the Tasmanian Human Research Ethics Committee (reference numbers H008013 and H0012530). Written informed consent was obtained from study participants or from the guardian of child participants < 18 years old. The CF group was recruited from those attending the CF outpatient clinics at the Royal Hobart Hospital (RHH), Tasmania, Australia, or who were admitted to RHH because of clinical exacerbations, and comprised 20 adults (9 men, 11 women) aged 18-54, and 22 children/adolescents (8 boys, 14 girls) aged 0-17. Information including CFTR genotype (if available), current antimicrobial therapy, clinical status (i.e., stable or exacerbating, exacerbation defined as requiring admission to hospital and administration of intravenous antibiotics [21] ) and sputum microbiology at date of blood collection were recorded. Lung function testing results as forced expiratory volume in 1 sec, % predicted (FEV1% predicted), calculated as defined by the Australian Cystic Fibrosis Data Registry [22] , were recorded if available. The dataset is available as S1 Dataset. The control group comprised 51 adult volunteers (24 men, 27 women) aged 19-61 and 17 children/adolescents (9 boys, 8 girls) aged 2-17: these were healthy individuals with no history of chronic illness, no known family history of CF, and no recent (i.e., within the previous two weeks) history of infectious illness.
Peripheral venous blood was collected in lithium heparin and processed within 5 h of collection. Peripheral blood mononuclear cells (PBMC) were isolated and resuspended in Dulbecco's phosphate-buffered saline (DPBS)/10% fetal bovine serum (FBS). 
Activation
Statistical analysis
All statistical analysis was performed using Graphpad Prism V6 (Graphpad Software, La Jolla, CA). Because there are known interactions between CD4 T cell subsets (e.g., higher levels of Th1 imply lower levels of Th2), we performed individual comparisons for each subset, rather than multiple comparisons. Because most variables were not normally distributed, comparison of pairs of continuous variables and of continuous variables between each pair of groups was made using the Mann-Whitney U test. Analysis of correlations between two continuous variables was performed using Spearman's test. All p values are two-tailed; p < 0.05 was regarded as significant.
Results
Analysis of CD4 + subset percentages
All the analysis of CD4 + T cells in this study was based on percentages (CD4 + as percent of lymphocytes, all other subsets as percent of CD4 + cells). We also evaluated the absolute numbers of these cells in those participants for whom differential counts were available: the CF group had low to normal absolute numbers of lymphocytes (0.4-4.5 × 10 9 /L) and CD4 + cells (250-1500 cells/mL), and consideration of absolute numbers increased the variability but did not alter the relationships (data not shown). For this reason, and because differences in proportion would be more likely to reflect intrinsic alterations in the "shape" of the T cell mediated immune response than would differences in absolute number, we performed all analyses using subset percentages.
Comparison between control and CF groups were present at significantly higher percentages in the CF group than in controls. As a guide to whether the differences in regulatory T cell subsets were inherent to CF or developed in response to chronic inflammation/infection, we subdivided both control and CF groups into adults (over 17 years (n = 51 controls, n = 20 CF) and adolescents/children (17 years or under (n = 17 controls, n = 22 CF). The percentages of all three regulatory subsets remained significantly higher in the adult CF group than in adult controls, but there were no significant differences in any subset between control and CF adolescents/children (Table 2) . Because it has been reported that CF patients have Th2-biased or Th17-biased responses, we also calculated the Th1/Th2 ratio and Treg/Th17 ratios. There was no significant difference between the groups in Th1/Th2 ratio (p = 0.8). The Treg/Th17 ratio in the CF group was much more variable than that in controls, and trended towards being higher (p = 0.066) ( Table 1) , consistent with the slightly higher Treg% in the CF group.
Relationships of subset percentages in the CF croup with clinical parameters
To assess whether the percentage of any CD4
+ subset was associated with relevant clinical parameters, we analyzed these within the CF group (Table 3) , and assessed the correlations of the percentage of each CD4 + subset with continuous variables (age, FEV1% predicted) and any differences between subgroups divided by sex (M = 20, F = 22), genotype (DF508 homozygous = 18, DF508 heterozygous = 21, other = 3). We also compared clinically stable (n = 35) with exacerbating (n = 7) patients, those with (n = 15) or without (n = 27) chronic P. aeruginosa infection (defined as the regular culture of P. aeruginosa from the sputum or respiratory secretions, on two or more occasions, extending over 6 months or a shorter period [23] ), with (n = 16) or without (n = 26) current Staphylococcus aureus infection, with (n = 7) or without (n = 35) current Aspergillus fumigatus infection (both assessed on sputum microbiology), and with (n = 21) or without (n = 21) current treatment with any antimicrobial. Of note, only 3/7 individuals with identified A. fumigatus infection had diagnosed allergic bronchopulmonary aspergillosis (ABPA).
To examine the effects of CFTR genotype, we divided the CF group into two subgroups: the first included heterozygous DF508 and other genotypes (n = 24), because only three of the CF group did not have at least one DF508 allele, and the second group comprised individuals homozygous for DF508 (n = 18). There was no significant difference detected in the percentage of any CD4 + T cell subset based on CFTR genotype.
To examine the effects of clinical status, we divided the CF group into clinically stable (n = 35) and exacerbating (n = 7) subgroups. There was no significant difference in any CD4 + subset between those who were clinically stable and those who were exacerbating.
With respect to lung infection, there was a significantly higher TGFβ + % (p = 0.006) and a trend towards a higher Th17% (p = 0.09) in participants with chronic P. aeruginosa infection. For those on current antimicrobial treatment (n = 21) the increases in both TGFβ + % and Th17% were significant (TGFβ + % p = 0.05; Th17% p = 0.01). However, no differences were detectable between participants with and without other infections, including S. aureus and A. fumigatus. Analysis of the relationship between CD4 + subset percentages and FEV1% predicted was performed on a subset of CF patients (n = 32; 17 adults, 14 children) for whom lung function testing results were available. This subgroup was slightly older (median age 19.5 years; included no children under 5 years) and had a higher proportion (59%) of males, but for other variables was representative of the whole cohort. With this subgroup, the correlation between Th17% and FEV1% predicted was extremely strong (r = -0.56, p = 0.0008, Spearman), and that with Treg% significant (r = -0.42, p = 0.016), with increasing percentages of both subsets being associated with poorer lung function (Fig. 1) . Because lung function can change rapidly with treatment of clinical exacerbations, and not all lung function testing was performed on the same day as blood sampling, we also analyzed this association (a) after excluding all FEV1% samples from patients exacerbating on the day of blood sampling (n = 5) and (b) depending on the relative timing of blood sampling and lung function testing. When considering all clinically stable patients, the association with FEV% of Th17% remained (r = -0.58, p = 0.0017), whereas that with Treg% was no longer significant (p = 0.11) ( Table 4) . When data were analyzed by grouping patients depending on the time interval between blood sampling and lung function testing (Table 4) , it became clear that the correlation was strongest when both tests were done within a week (r = -0.86, p < 0.0001 for Th17%; r = -0.62, p = 0.01 for Treg%, n = 16), and was not significant if lung function testing and blood sampling were separated by more than 2 weeks. We also compared the groups with and without antimicrobial treatment, but this was confounded because most of the patients on antimicrobials were adult and most not on antimicrobials were children (median age on antimicrobials 22 years, median age not on antimicrobials 13 years), and the groups also differed in median lung function, with most of those not on antimicrobials having very good lung function (median FEV 1% on antimicrobials 54%, median FEV 1% no antimicrobials 97%). However, the correlation of Th17% with FEV 1% was maintained within the group on antimicrobials (p = 0.03, n = 18).
Discussion
This is, to our knowledge, the first demonstration that peripheral blood, rather than lung or bronchoalveolar lavage, Th17% is strongly inversely correlated with lung function (FEV1% predicted) in people with CF. A similar finding has been reported for people with chronic obstructive pulmonary disease (COPD), although in that study, the overall Th17% was also higher in COPD patients than in controls [24] . There is consensus that Th17-mediated inflammation in the lungs is an important part of the pathology of CF [11] . Although we were unable to detect any differences in the peripheral blood Th17% between controls and people with CF, the strong association within the CF group of high peripheral blood Th17% with poor lung function is consistent with an important association of Th17 cells with lung damage in CF [13, 14, 16] . It is striking that this strong correlation was detectable using peripheral blood Th17%, rather than, as in previous reports for CF, lung (bronchoalveolar lavage) Th17 levels [13, 14] , and was strongest in when lung function testing was performed within a week of blood sampling. In adults with CF, we do see a trend (p = 0.09) towards an association of high Th17% with chronic P. aeruginosa infection, and it has been reported that a Th17-biased lung immune response is a risk factor for acquisition of chronic P. aeruginosa infection, possibly because it is ineffective against that pathogen [14] , so it is possible that the strong inverse correlation of peripheral blood Th17% with lung function may be at least partly related to a predisposition of those with high Th17% to acquire lung damage as the result of P. aeruginosa infection. However, we were not able to confirm this because of the relatively small number of patients with P. aeruginosa infection. This is also consistent with the association we observed in those being treated with antimicrobial therapy. We also observed an association of Treg% with FEV1% predicted in the overall CF group, but when participants who were clinically exacerbating were excluded, this was not significant, supporting the concept that higher Treg% in adults with CF is related to infection/inflammation. It is interesting that high percentages of both Th17 and Treg were associated with very poor lung function, as these are often considered to be mutually antagonistic subsets [25] , and it might have been expected that high Treg% would be associated with less inflammation and less lung damage. However, one possible explanation of this is the production of IL-17 by dysregulated Tregs that has been reported in COPD [24] and inflammatory bowel diseases [26] . FEV1% predicted test on same day as blood sampling (10) 22 ( The inverse correlation of Th17% in peripheral blood with FEV1% predicted could be related to a number of possible factors. First, it should also be noted that decreasing lung function in the CF group is also correlated with increasing age, but as we found no significant association of Th17% with age (Table 3) , the association between Th17% and FEV1% predicted is unlikely to be related to age. Second, it may be that high levels of Th17 cells in the blood reflect very high levels of Th17 cells in the lung, which have been linked with lung damage [11] , although no information is available about the relative homing to lung and periphery of Th17 cells. Third, it could be that, as has been reported for lung Th17 levels [14] high systemic Th17% predisposes to the acquisition of chronic P. aeruginosa infection, and that the infection causes the lung damage. Fourth, high peripheral Th17% may relate to an individual's inherent propensity for bias towards Th17-dominated responses, which, like the propensity to Th2 allergic responses, is probably formed and detectable very early in life [27] [28] [29] ; in this scenario, peripheral blood Th17% may be useful as a prognostic indicator of the likelihood of P. aeruginosa infection and rapid lung function decline in CF. However, as the correlation between Th17% and FEV1% predicted was strongest when lung function testing and blood sampling were closely linked in time, it seems more likely that this varies in concert with lung function, rather than predicting lung function decline. Further studies are required to confirm whether Th17% in blood has any predictive value for lung function decline.
In contrast to previous reports suggesting a Th17 and/or Th2 bias in CF T cell responses in lungs [13, 14] or of a Th17 bias in peripheral blood lymphocytes [12] , we did not see in this study any significant increase in the Th17% or Th2% in the peripheral blood of the CF group compared with controls, although CF patients showed greater variation in Th17% than did controls. There was also no significant difference between the CF group and controls in Th1/Th2 ratio or Treg/Th17 ratio, although the latter was much more variable in CF, largely because of variable Th17%. Overall, we found no evidence of either a Th17 or a Th2 bias in the peripheral blood of CF patients.
However, we did see significantly higher percentages of three regulatory CD4 + subsets, FOXP3+, IL-10+, and TGF-β + CD4 + cells, in the CF group compared with controls, differences which were significant only in the adults (>18 years). The elevation of CD4+IL-10+ cells was somewhat unexpected, as previous reports have suggested reduced levels of IL-10 production in people with CF [30] . Unlike the changes in the other two subsets, the increase in FOXP3 + cells was only marginally significant. Indeed, previous reports have suggested reduced levels of Tregs in children with CF [18, 19] . Our pediatric group showed no significant changes in any subset we measured, but they were also mostly without chronic infections or antimicrobial treatment. With respect to the changes in our adult CF population, elevations in several regulatory CD4 + subsets have been reported to occur in response to chronic inflammation and infection [25, 31, 32] . Because chronic inflammation is characteristic of CF, it is not surprising that the percentages of all three regulatory subsets examined were elevated, and this perhaps also explains why significant differences are seen only in adults, who have of course been exposed to chronic inflammation/infection for longer than children. Despite the slightly elevated Treg% present in the CF group and the lack of significant changes in Th17%, there was no significant difference between control and CF groups in Treg/Th17 ratio. This may be partly because of the nature of our analysis that defined Tregs as including all CD4 + FOXP3 + cells. Many definitions of Tregs include not only CD4 and FOXP3 expression, but also expression of markers including CD25 and/or CD127 [33] . In addition, Tregs can be divided, based on expression of a range of specific surface markers, into naive (antigen inexperienced) or memory Tregs [34] , and subsets that home to different tissues [5] . It is likely that in the context of the constant infections in people with CF, that the relative numbers of these Treg subsets would differ from those in healthy controls. We also did not examine the function of any CD4 + subset, other than their capacity to produce their signature cytokine in vitro after polyclonal stimulation. Therefore, it is possible that cells that have similar surface markers/cytokine expression may differ in their functional activity. For example, it has been shown that FOXP3+ cells induced as a result of inflammation differ functionally from those "natural" Tregs that are present in all individuals [32, 35] . Therefore, a detailed analysis of naive versus memory Tregs and of Tregs homing to different tissues may be informative to clarify how the Tregs present in CF patients differ from those in controls, and whether particular Treg subsets are associated with lung function decline or other clinical parameters. The elevation of TGFβ + % and the trend to increased Th17% in patients with chronic P. aeruginosa infection is interesting, especially as in our cohort such increases are not associated with other infections including S. aureus and A. fumigatus. This suggests that the increases may be related to the persistent and highly inflammatory nature of the response to P. aeruginosa, and it is possible that these markers could be useful to monitor/predict infection, as previously suggested by Tiringer et al [14] . However, we are not able to evaluate the predictive ability of these markers based on our current data.
The strengths of this study are the relatively large numbers and the very broad age range of both control and CF groups, which allow some analysis of the relationships of both age and clinical variables with the selected T cell subset markers. However, the study has several weaknesses. First, it is cross-sectional, so no evaluation of the predictive ability of any of the markers can be made. Second, lung function measurements were not available for all patients, and were not always performed on the same day as blood collection. Third, while the number of subjects is larger than that in many studies, some of the subgroups are small, which impaired our ability to analyze differences between them.
In conclusion, our study for the first time suggests that high peripheral blood Th17% in people with CF is associated with poor lung function, and that it may be a surrogate marker of lung function. This could be particularly useful in children less than six years of age, in whom standard spirometry is generally not possible. While various forms of infant and preschool pulmonary function tests exist, they tend to be invasive and there is insufficient evidence to incorporate them into routine clinical care at this time. However, most children with CF will have blood tests done at least once per year as part of their annual review, so the development of a blood test that is correlated with changes in lung function could be clinically useful.
The elevated CD4 + TGFβ + % specifically associated with chronic P. aeruginosa infection could also be clinically useful for similar reasons. However, further studies are required to determine whether these parameters have any useful prognostic value for predicting the progression of CF-related disease.
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